The Olfactomedin family is a relatively new class of extracellular proteins. Two family members have been shown to play roles in the early development of ectodermal tissues: Noelin enhances neural crest generation in chick and Tiarin promotes dorsal neural specification in Xenopus. In this study, we introduce a novel member of the Olfactomedin family, ONT1. In the early chick embryo, ONT1 expression first appears at Hensen's node and subsequently in the axial and paraxial mesoderm. When the neural tube closes, strong expression of ONT1 is transiently found in the roof plate region from the rostral midbrain to the hindbrain. Overexpression of ONT1 in these regions prolongs the generation of neural crest cells in a manner similar to that of Noelin. Interestingly, ONT1 and Noelin have opposing effects on the expression of the migrating neural crest marker HNK-1 in the chick: they, respectively, cause suppression and ectopic induction of this marker. Differential activities among Olfactomedin-related factors are further examined in Xenopus. Microinjection of ONT1 mRNA into the Xenopus embryo expands the expression domain of the neural crest marker FoxD3 at the neurula stage whereas overexpression of Tiarin or Noelin suppresses FoxD3. ONT1 exhibits no dorsalizing effects on the Xenopus neural tube, which contrasts with the strong dorsalizing activity seen for Tiarin. Thus, distinct Olfactomedinrelated factors evoke qualitatively different phenotypes even in the same experimental systems, suggesting that Olfactomedin family uses multiple response systems to mediate its signals in embryogenesis. q
Introduction
Embryogenesis of higher animals involves numerous intercellular interactions that are mediated by extracellular factors. Molecular studies have identified a number of secreted signals that play important roles in the control of differentiation, cell growth and maturation. For instance, signaling factors such as Wnt, BMP, and Hh control many aspects of developmental processes through binding to their specific cell-surface receptors. However, it is generally considered that the variety of such direct signaling factors is relatively limited. In addition to direct signaling factors, a large number of potentiator and inhibitor proteins that bind to these signaling molecules have been identified over the last decade (Sasai et al., 1994; De Robertis and Kuroda, 2004; Logan and Nusse, 2004) .
The Olfactomedin family is a relatively new class of secreted signaling factors (Zeng et al., 2004 ) that contain a Olfactomedin domain (which is conserved among the family protein) in the carboxyl-terminal region and a less wellconserved coiled-coil domain in the amino-terminal region (Hillier and Vacquier, 2003) . Little is currently known about the biological roles of these molecules in embryogenesis although, to date, at least two family members have been shown to play a regulatory role in early embryogenesis.
The first of these molecules is Noelin, which is expressed in the dorsal neural tube and neural crest in chicken and frog embryos (Barembaum et al., 2000; Moreno and BronnerFraser, 2001 formation) of neural crest cells (Barembaum et al., 2000) . This phenotype is largely due to the prolonged generation of neural crest cells that emigrate from the dorsal neural tube region (Barembaum et al., 2000) . The second Olfactomedin family member that functions in embryogenesis is Xenopus Tiarin. Tiarin is expressed in the non-neural ectoderm flanking the anterior neural plate of the Xenopus neurula. RNA injection studies of Tiarin indicate that it has a potent dorsalizing activity on tissues in the developing central nervous system (CNS) (Tsuda et al., 2002) . Tiarin directly dorsalizes neural tissues in the absence of mesodermal tissues. Unlike BMP4, another dorsalizing factor, Tiarin does not have an anti-neuralizing activity on the ectoderm or a mesoderm-ventralizing activity (Tsuda et al., 2002) . When overexpressed in the CNS, Tiarin antagonizes the ventralizing activity of Shh. This antagonism occurs downstream in the intracellular signaling pathway, suggesting that Tiarin signaling is independent of the Shh receptor (Tsuda et al., 2002) . In addition, it has been shown that Tiarin signaling directly interacts with neither BMP nor Wnt signaling, suggesting that this Olfactomedin-related signal involves a novel signaling pathway to promote dorsal neural specification (Tsuda et al., 2002) .
The molecular mechanism of the biological activities of the Olfactomedin-related factors still remains to be elucidated. In the present study, we introduce a novel member of the Olfactomedin-related family, ONT1. By comparing the over expression effects of ONT1 with those of Noelin and Tiarin in chick and Xenopus embryos, we show that the activities of these three Olfactomedin-related factors have both similar and dissimilar aspects. We discuss the possiblity that the effects of the Olfactomedin-related proteins are mediated by multiple response/effector systems.
Results

A novel member of the Olfactomedin family, ONT1
We screened for novel members of the Olfactomedin family in the chick by database search and RT-PCR with degenerative primers (see Section 4). We identified two new family genes and named them ONT1 (Olfactomedin-Noelin-Tiarin protein 1, Fig. 1(A) ) and Tiarin-like ( Fig. 1(C) and Supplementary Fig.  S1 ). In this study, we chose ONT1 for further investigation, since its expression pattern suggested its possible involvement in neural and neural crest development, as described below.
As seen with other proteins belonging to the Olfactomedin family ( Fig. 1(B) ), ONT1 contains a signal peptide (SP) at the amino terminus and a conserved Olfactomedin domain (filled box) in its carboxyl-terminal half. In addition, a coiled-coil domain (which is less well-conserved among the Olfactomedin family; slashed box) is found in the amino-terminal half.
A phylogenic tree analysis showed that ONT1, mouse ONT3 and human OLF44 form a group whose structure is relatively distant from the rest of the Olfactomedin family. However, it also appears that chick ONT1 and mouse ONT3 are not orthologues since their expression patterns during embryogenesis are quite different (Ikeya et al., 2005 and Fig. 2).
Temporal and spatial expression of ONT1
Whole-mount in situ hybridization analysis showed that ONT1 was first expressed in Hensen's node at HamburgerHamilton stage (HH) 4C (gastrula stages; Fig. 2(A) and (B) ). At HH5, additional ONT1 expression was detected in the nonaxial mesoderm surrounding the node (Fig. 2(C), arrow) . From HH6 onwards, ONT1 expression was found in both the axial (Fig. 2(D) , (E) and (I); pp, prechordal plate; ntc, notochord) and paraxial mesoderm (Fig. 2(D) -(H), (O) and (P); also positive in head mesoderm). At HH13, ONT1 transcripts were also found in the septum transversum ( Fig. 2(H), arrowhead) .
In addition to the mesodermal expression, strong ONT1 expression was detected at HH9 in the roof of the neural tube from the rostral midbrain to the hindbrain ( Fig. 1(J) , bracket; dorsal view). The expression in the roof plate of the midbrain and hindbrain was relatively transient and differentially regulated in a region-specific manner. At HH10C, ONT1 expression remained in the rostral midbrain ( Fig. 2 (K) and (L)) and part of the hindbrain (rhombomere 2; Fig. 2 (K) and (N)), but its expression was suppressed in the roof plate between the two regions ( Fig. 2(K) and (M)). ONT1 expression in the rostral midbrain and rhombomere 2 disappeared by HH14 (data not shown).
Overexpression of ONT1 causes prolonged generation of neural crest cells in the midbrain region
We next studied the effects of ONT1 overexpression in the developing chick embryo by using in ovo electroporation techniques (Funahashi et al., 1999; Nakamura et al., 2000; Nakamura and Funahashi, 2001; Kobayashi et al., 2002) . We first investigated the effects of the overexpression on mesodermal development by introducing an ONT1-expression plasmid together with a GFP reporter plasmid (see Section 4) into the axial and paraxial regions of the chick gastrula at HH4-6. However, we did not observe any marked changes in the expression of the axial (Chordin; HH8) and paraxial (Pax3; HH10) markers in the embryo (data not shown).
We next examined the effect of ONT1 overexpression on ectodermal tissues by introducing the plasmid into the dorsal part of the closing midbrain (on the right side, HH8; Fig. 3 ; see Section 4). As endogenous ONT1 expression in this region becomes downregulated during HH9-11 ( Fig. 2(J) , (K), and (M)), this electroporation results in persistent expression of ONT1. Electroporation of the ONT1-expression plasmid caused ectopic expression of the early neural crest markers Sox10 (60%, nZ40; HH11; Fig. 3(B) ; shown by bracket), FoxD3 (73%, nZ15; Fig. 3(C) ; HH11) and Slug (44%, nZ25; HH10; Fig. 3(D) ). Introduction of a control plasmid did not induce ectopic expression of these markers (nZ35, 21 and 15, respectively; Fig. 3 (A) and data not shown). In contrast to remarkable ectopic expression of the early neural crest markers ( Fig. 3(B) - (D)), the expression of HNK-1 (a relatively late A previous study had shown that another Olfactomedinrelated gene, Noelin, also induced ectopic formation of neural crest cells when overexpressed by retrovirus-mediated gene transfer (Barembaum et al., 2000) . This effect is attributed to the prolonged time window of neural crest generation (Barembaum et al., 2000) . Therefore, we asked whether ONT1 acted on neural crest progenitors in a similar fashion. After the ONT1-expression plasmid was introduced by electroporation at HH8, the cells in the neural tube were labeled at several different stages by injecting DiI dye into the canal of the neural tube (following Kulesa et al., 2000; Fig. 4 and Table 1 ). In the control embryo (Fig. 4(A)-(D) ), massive emigration of DiI-labeled neural crest cells (arrows) was observed when the DiI injection was done at HH10 (Fig. 4(A) and (B), arrows) or earlier, but not at HH10C (Fig. 4(C) and (D), arrows) or later (Table 1 ). This indicates that the neural crest generation/emigration ends before HH10C in this region. In contrast, ONT1-electroporated embryos generated emigrating neural crest cells at HH10C (Fig. 4(E) and (F), arrows) and even at HH11 (Table 1 ). These observations suggest that forced ONT1 expression delays the termination of neural crest generation/emigration, as does Noelin overexpression.
The activities of the distinct Olfactomedin-related factors are diverse
Although both ONT1 and Noelin possess similar activities on neural crest generation/emigration in the chick embryo, they may have different effects on another aspect of neural crest differentiation. As shown in Fig. 3(F) , ONT1 overexpression caused suppression of the late neural crest marker HNK-1 whereas Noelin reportedly induces ectopic HNK-1 expression (Barembaum et al., 2000) , which we confirmed by the electroporation of chick Noelin into the midbrain-hindbrain region ( Supplementary Fig. S2(B) ). These findings suggest that the activities of ONT1 and Noelin are not always the same, although they overlap in some cases.
The previous and present studies indicate that at least three Olfactomedin-related factors (Noelin, Tiarin and ONT1) play regulatory roles in the control of ectodermal development. However, no systematic analysis of the similarities and differences among the activities of the Olfactomedin family proteins has been reported. To compare the activities, it is important to use the same experimental systems. For instance, we have so far failed to detect a dorsalizing effect of Tiarin on the neural tube in chick by electroporating the expression plasmid at HH12 (data not shown), which contrasts with the dorsalizing effect of Tiarin in Xenopus (Tsuda et al., 2002) .
In chick study, the effect on neural crest development is the only phenotype reported for the Olfactomedin family signals (i.e. Noelin) at present. Next, we attempted to compare the effects of ONT1, Noelin and Tiarin by using the Xenopus system (Fig. 5) , where a number of neural and neural crest markers respond to the Olfactomedin family factors and the phenotypes can be analyzed under similar conditions by using RNA microinjection (a green arrow in Fig. 5 indicates upregulation of markers while a red arrow shows downregulation; Table 2 for frequency). A survey of neural crest markers showed that the microinjection of ONT1, Noelin or Tiarin RNA expanded Zic1 expression at the mid-neurula stage (first row of Fig. 5 ) and increased FoxD3 and Slug expression in the cephalic region at the tailbud stage (a contiguous pattern instead of a stripe pattern; third and fourth rows). Although the three genes showed similar overexpression phenotypes for these markers, they had different effects on other markers and on the same markers at different stages. At the neurula stage, FoxD3 expression was expanded by ONT1 and suppressed by Noelin and Tiarin (second row; thus, the effects of Noelin and Tiarin on FoxD3 expression are biphasic). In contrast, at the tailbud stage, the expression of the late neural crest markers Twist and Ets was up-regulated by ONT1 and Noelin and downregulated by Tiarin (fifth and sixth rows). Similar kinds of differential effects were observed with neural markers. The dorsal neural tube markers Pax3 and 308a (Tsuda et al., 2002) were ectopically induced by Tiarin, but ONT1 and Noelin did not affect these markers (seventh and eighth rows). Consistent with our previous report (Tsuda et al., 2002) , ectopic induction of Pax3 was seen with a higher dose of Noelin (1.6 ng/cell; Supplementary Fig. S3, bottom) indicating that Noelin has a weak dorsalizing activity. The floor plate marker Kielin was suppressed by Noelin and Tiarin but not by ONT1 (the bottom row of Fig. 5 ). Neither the dorsal marker Pax3 nor the ventral marker Kielin was affected even at a high dose of ONT1 (0.8-1.6 ng/cell; Supplementary Fig. S3 , bottom and data not shown), indicating that ONT1 has little dorsalizing activity, if any.
We next asked whether substantial changes were seen in the activities of the Olfactomedin-related factors when orthologues of different species were used. Among the three factors, at present, Noelin is the only one for which homologues (with conserved structures and expression patterns) have been identified in both chick and frog (Barembaum et al., 2000 and our unpublished observations). Therefore, we compared the overexpression phenotypes of chick and Xenopus Noelin homologues. The effects of Xenopus Noelin on FoxD3 (neurula), Slug (tailbud) and Pax3 (tailbud) in Xenopus were indistinguishable from those of chick Noelin ( Supplementary  Fig. S3 and Fig. 5 ), suggesting that species specificity does not have a major impact on the variations in the activities of the Olfactomedin-related factors.
Discussion
Possible roles of ONT1 in neural crest development
The expression of ONT1 in the roof of the neural tube is dynamically controlled in the midbrain region during HH8-10C (Fig. 2(J) and (K) ). During this period, the mesencephalic neural crest forms and begins its massive emigration to the periphery (ventro-lateral regions). As a consequence, after HH11, the expression of the neural crest markers is found strongly in the ventro-lateral region, and not in the dorsolateral domain close to the neural tube (Fig. 3(A) ). Persistent expression of ONT1 by in ovo electroporation results in prolonged generation of the neural crest, as shown with the emigration assay using DiI labeling (Fig. 4(E) and (F) ). This causes ectopic formation of neural crest cells in the dorsolateral domain of the embryo, close to the midbrain (Figs. 3  and 4) . This phenotype is similar to that seen with Noelin overexpression in the cephalic neural crest (Barembaum et al., 2000) , suggesting that ONT1 and Noelin have in common the function of promoting the generation of neural crest cells in the dorsal neural tube. In addition, overexpression of neither ONT1 nor Noelin induces dorsalization of chick neural tube tissues ( Supplementary Fig. S4 and data not shown; Barembaum et al., 2000) .
The exact biological roles of region-specific ONT1 expression in the dorsal neural tube require further investigation. In our preliminary experiments, we have so far failed to observe substantial inhibitory effects on the expression of early neural crest markers (Sox10, FoxD3, Slug) by electroporation of ONT1-MO (data not shown). This may reflect the functional redundancy between ONT1 and Noelin (or other Olfactomedin-related factors), which remains to be extensively investigated in a future study.
During early chick embryogenesis, ONT1 is also expressed in the axial and paraxial mesoderm (Fig. 2) . The role of ONT1 in these mesodermal domains remains to be understood. In the paraxial mesoderm, ONT1 expression is strong in the head mesoderm and most of the somites, whereas it is absent or low in the newest somites and segmental plate ( Fig. 2(P) ). It is intriguing to note that chick Tiarin-like is expressed exclusively in newly formed somites and the rostral end of the segmental plate ( Supplementary Fig. S1 (E) and (F); complementary to ONT1 expression in the somites).
Qualitatively distinct activities of the Olfactomedinrelated factors
This study has demonstrated several intriguing differences among the phenotypes caused by over expressing the different Olfactomedin-related factors. In the chick neural crest, ONT1 and Noelin acts, respectively, as negative and positive regulators of HNK-1 expression in the migrating neural crest (Fig. 3(F) and Supplementary Fig. S2(B) ). Overexpressed Tiarin had a similar effect on HNK-1 expression as overexpressed Noelin ( Supplementary Fig. S2(C) ).
When overexpressed in the Xenopus embryo, ONT1, Noelin and Tiarin exhibit similar effects on the expression of neural crest markers in some cases (Zic1 in the neurula, and FoxD3 and Slug in the tailbud embryo), but the three factors have different effects in other cases (Fig. 5) . It does not seem that the effects of ONT1, Noelin and Tiarin can be categorized in a simple manner. One possible tendency is that ONT1 and Tiarin give different marker-gene phenotypes Table 2 Overexpression effects of Olfactomedin family genes on Xenopus neural and neural crest markers
in Xenopus except when all three factors have the same effect on the marker genes. Collectively, these distinct effects of the three Olfactomedin-related factors are unlikely to be explained by a single response/effector system. To date, the molecular nature of the receptors and effectors of the Olfactomedin family signal remains unknown. One model deduced for the present study is that more than one type of receptor proteins coupled with different effectors exist and have different affinities for the three factors. An alternative possibility is that the Olfactomedin-related factors function by binding to and modulating other signaling factors in the extracellular space. In the latter case, the different Olfactomedin-related factors might interact with different subsets of other signaling factors and indirectly modify diverse signal transductions. To further understand the molecular basis for the function of the Olfactomedin-related factors, it is important to identify the receptors (or binding partners) for this family of proteins in future investigations.
Experimental procedures
Isolation of ONT1
Total RNA was isolated from HH6-9 chick embryos. First-strand cDNA was prepared with Superscript II (Invitrogen). To obtain partial cDNA fragments containing Olfactomedin-domain sequences from this cDNA pool, PCR was performed with degenerative primers that were designed according to the amino acid sequences of Xenopus Tiarin and mouse gw112. The sequences of the primers were as follows: 5 0 -GGIYTITGGGTIATHTAYWS-NACNGA-3 0 (forward primer) and 5 0 -GCRTAIARIACICCRCANACCA-TARAA-3 0 (reverse primer), which correspond to the amino acid sequences GLWVISTE and FMVCGVLYA, respectively. The full-length cDNAs of ONT1 and Tiarin-like were isolated from a lZAP II (Stratagene) HH12 chick cDNA library by plaque hybridization using the partial cDNA fragments as probes. The plasmid DNAs were sequenced with the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The SignalP (Nielsen et al., 1997) and SMART database (Letunic et al., 2002) on-line programs were employed to predict the domains of the putative secreted proteins.
Sequence alignment and phylogenic tree
The full-length sequences of the Olfactomedin protein family were aligned by using the ClustalX program (Thompson et al., 1994) with the default settings. The phylogenic tree was constructed from the resulting multiple sequence alignments using the UPGMA (unweighted pair-group method with arithmetic mean) method and the MEGA2 program (Kumar et al., 2001) . The sequences for the alignment were retrieved from the database and had the following accession numbers: ONT1, AB236173; human OLF44, NP_064575; mouse ONT3, NM_133859; chick Noelin2, AAF43715; human olfactomedin-1, AAP35810; mouse pancortin-3, BAA28767; Xenopus Noelin2, AAL66226; sea urchin ammasin, NP_999798; chick tiarin-like, AB236174; human gw112, AAQ88930; mouse gw112, XP354831; Xenopus Tiarin, BAB85495; Bullfrog Olfactomedin, AAA49527.
Electroporation of expression plasmids and MOs
In ovo electroporation of the neural tube was performed as described previously (Funahashi et al., 1999; Nakamura et al., 2000; Nakamura and Funahashi, 2001) . Briefly, ONT1 and chick Noelin1 were subcloned into the pMiw III expression vector (Araki and Nakamura, 1999) , a derivative of pMiwSV, which has the chicken-actin promoter and RSV enhancer (Suemori et al., 1990; Wakamatsu et al., 1997) . Fertilized chicken eggs were incubated in humid conditions at 38 8C, and the embryos were staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) . After 27-33 h of incubation to reach HH8, a DNA solution (5 mg/ml) was injected into the neural tube canal with a fine glass needle. The electrodes (Unique Medical Imada, Natori, Japan) were placed on the vitelline membrane at a distance of 4 mm with the neural tube between them. A rectangular pulse of 25 V, 50 ms was discharged five times by an electroporator (ELECTRO SQUARE PORATER T820 and OPTIMIZER 500M, BTX). To monitor ectopic expression, the GFP-expression vector EGFPN1 (Clontech; 0.8 mg/ml) was added to the DNA solution. Since, DNA is negatively charged, the anode side of the neural tube was selectively transfected.
To introduce the plasmids into the ventral side of the neural tube or HH4 embryos, electroporation with the new culture was performed as described previously (Kobayashi et al., 2002) . A 2-mm square platinum cathode was embedded in a thick silicon rubber disk glued to the center of a Petri dish. An embryo was placed on this rubber disk, using a 3 M paper ring to posing the embryo. An anode of the same size as the cathode was placed above the cathode with a gap of 4 mm so that the embryo was between the electrodes. The DNA solution was injected into the space between the vitelline membrane and epiblast, and a rectangular pulse of 10 V, 50 ms was discharged five times. The regions of gene transfer were monitored by observing GFP expression.
To introduce fluorescein-tagged morpholinos (ONT1-MO: CATGGCCGCCGGAGAGTGCG; 5 base-mismatched control-MO: CAT-AGCCACCAGACAGTACG; Gene Tools) into the neural tube (midbrain and hidbrain), electroporation was performed as described previously (Kos et al., 2003) . Briefly, morpholinos were diluted in sterilized water at 250 mM. Chick embryos at HH8 were in ovo electroporated as described for plasmid introduction, and then incubated until HH10 or 11.
In situ hybridization and immunohistochemistry
Whole-mount in situ hybridization was performed as described previously (Sasai et al., 2001 ) with minor modifications for chick embryos (modifications were the use of 4% formaldehyde for 1 day at 4 8C for fixation, and the probe concentration was 500 ng/ml for hybridization). For probe templates, cDNAs for cFoxD3, cSlug, cChd, cSox3 and cSox10 were amplified by PCR, and the products were subcloned into a pBluescript II SK(-) vector (for cFoxD3, cSlug and cChd) or a PCR II TOPO vector (for cSox3 and cSox10; Invitrogen).
For whole-mount immunostaining, after fixation in Bouins' fixative (saturated picric acid/distilled water/37% formaldehyde (15/4/1)) at 4 8C for 1 day, the embryos were washed in PBS, dehydrated in 70% ethanol and then in 95 and 100% methanol, and stored in Tris-HCl-buffered saline (TBS; 20 mM Tris-HCl, pH 8.0, 150 mM NaCl). The samples were sequentially treated with 5% DMSO for 5 h and with 5% nonfat dry milk in TBS (TBSM) for 1 day. They were then incubated in the primary antibody anti-HNK-1 (#347390, BECTON DICKNSON; diluted 1/50 in TBSM) for 1 day at 4 8C with gentle agitation on a shaking platform. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgM (Zymed Lab. Inc., San Francisco, CA; diluted 1/100 in TBSM) was used as the secondary antibody and DAB (3,3 0 diaminobenzidine) as the chromogen for HRP. For immunohistochemistry on tissue sections, the following monoclonal antibodies and a polyclonal antibody were used as primary antibodies. The monoclonal antibodies were anti-HNK-1, (#347390; BECTON DICKNSON), anti-MSX1/2 antibody (#4G1; Developmental Studies Hybridoma Bank:DSBH), anti-Pax7 (DSHB), and anti-HNF3b (#4C7; DSHB). The anti-GFP was a rabbit polyclonal antibody (#598; MBL). Fixed embryos were sectioned at 10 mm with a cryostat. To detect MSX1/2, Pax7 and HNF3b, Cy3-conjugated anti-mouse IgG, (#715-165-151; Jackson Laboratory) was used as the secondary antibody. To detect GFP, FITC-conjugated anti-rabbit IgG (#ALI3408; BIOSOUCE) was used as the secondary antibody.
DiI labeling experiments
DiI labeling of the neural tube was performed as described (Kulesa et al., 2000) . Briefly, DiI (#D-282; MolecularProbe) was dissolved in ethanol and then diluted 1:15 in 0.3 M warmed sucrose immediately before use. The embryos were staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) or Lumsden (for stage 10 C ; Lumsden et al., 1991) . Briefly, stage 10, 10C and 11 embryos were defined as follows. HH10, 10 somites and with the optic vesicles not constricted at the bases; HH stage 10C, 11-12 somites; and HH.stage 11, 13 somites and with the optic vesicles constricted at the bases. DiI solution was injected into the neural tube canal with fine glass capillary. After a 30-min incubation, the DiI solution was washed away by flushing with PBS. The embryos were incubated for 4-6 h, fixed and sectioned at 30 mm on a cryostat.
Manupulation of Xenopus embryos
For the Xenopus experiments, manipulation, staging and injection of the embryos were performed as described previously (Tsuda et al., 2002) . Briefly, a cDNA fragment containing the full coding sequence of Tiarin, ONT1, cNoelin2 or xNoelin2 was subcloned into the pCS2 vector. For mRNA injections, plasmids were linearized with NotI and subjected to in vitro transcription with SP6 polymerase (mMessage mMachine, Ambion). For unilateral injection, mRNAs were injected into the two right animal blastomeres of 8-cell embryos. For analysis with Kielin, which is expressed in the midline, RNA was injected into all the animal blastomeres in 8-cell embryos. The amount of injected mRNA was as follows: ONT1, 400 pg/cell; Tiarin, 400 pg/cell; cNoelin2, 800 pg/cell; xNoelin2, 800 pg/cell; high dose ONT1, 800 pg/cell; high dose ONT1, 1600 pg/cell.
